Introduction
Patients with cystic fibrosis (CF) suffer chronic respiratory infection, most commonly due to Pseudomonas aeruginosa (1) . The ion transport defect leads to chronic infection in the lung and exuberant airway inflammation that result in lung parenchymal and airway damage associated with increased morbidity and mortality. Consistent with this, enhanced constitutive activation of NF-κB in CF epithelial cells has been observed, which is partially responsible for the recruitment of neutrophils to the pulmonary mucosa (2) . Recently, the cytokine IL-17 (a regulator of NF-κB in bronchial epithelial cells) has been associated with chronic lung disease, including CF and chronic obstructive pulmonary disease (COPD) (3, 4) . We have previously reported increased levels of IL-17 in the sputum during CF exacerbations (5) and identified that CD4 + T cells, particularly Th17 cells, are a critical source of IL-17 in the CF lung (6) . Indeed, P. aeruginosa antigen stimulation of mediastinal lymph nodes from patients with CF induces proliferation of Th17 memory cells, suggesting that P. aeruginosa can initiate adaptive T cell responses (6) . While IL-17-mediated inflammation is critical for host defense against extracellular pathogens, such as K. pneumoniae and C. albicans (1) , our recent data suggested a detrimental role of the IL-17 pathway in a chronic P. aeruginosa lung infection model (7) . Additionally, we demonstrated that IL-17 regulates HCO3
-transport in normal human bronchial epithelial cells in a cystic fibrosis transmembrane
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conductance regulator-dependent (CFTR-dependent) fashion (8) , and others have shown that HCO3 -is essential for antimicrobial activity in the CF airway (9) . Thus, in CF, IL-17 likely contributes to pathological inflammation in the setting of abnormal mucosal immunity (1) , and Th17/IL-17-driven inflammatory responses may represent a target to attenuate chronic lung inflammation in CF. Bromodomain and extraterminal (BET) domain chromatin modulators are able to regulate T cell responses and have been shown to critically contribute to Th17 function by mechanisms that include bromodomain-dependent interpretation of acetylated histones at key genomic sites, such as the IL17 locus (10) . Indeed, pharmacological inhibition of BET domains has been shown to protect mice from experimental autoimmune encephalomyelitis, a preclinical model of multiple sclerosis, by suppressing Th17/IL-17-driven inflammation (10) . Thus, we hypothesized that pharmacologic BET inhibition may provide a novel and effective therapy for treatment of inflammation in CF lung disease.
Results

T cell signatures in CF lung epithelium.
To study lung epithelial inflammatory responses in CF patients in an unbiased way, we utilized transcriptomic analyses of human bronchial epithelial (HBE) cells treated with various cytokines. In prior RNA sequencing (RNA-seq) experiments (4), we found that HBE cells express all of the receptors necessary to respond to effector cytokines made by T cells in the submucosa, such as IFN-γ (Th1), IL-13 (Th2), or IL-17 (Th17). Based on this, we treated normal HBE (NHBE) cells with these cytokines to identify cytokine-specific signatures (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.87168DS1) in the epithelium. CXCL9, CXCL10, and CXCL11 were highly induced by IFN-γ treatment, whereas DEFB4, CSF3, and CCL20 were found in Tables 1 and 2. the IL-17 signature, consistent with prior findings (11, 12) . IL-13 treatment significantly enhances type 2 inflammation-related genes, including CCL26, ITLN1, and POSTN (13) (14) (15) . We then conducted RNAseq in bronchial brush samples from patients with CF collected during clinical exacerbation and used cytokine gene signatures obtained in HBE cells to mine the types of inflammation in the CF bronchial brush samples. We observed robust evidence of both Th1 and Th17 signatures in CF patients compared with non-CF controls as a group ( Figure 1A ). Th1 signature genes, such as IDO1, GBP5, TNFSF13B, and LRRN2, as well as Th17 signature genes, including TNIP3, CSF3, and CCL20, were significantly upregulated in CF patients, while one Th2 signature gene (HS6ST3) was significantly decreased in CF (Supplemental Figure 2 ). It is worth noting that POSTN, a biomarker used in anti-IL-13 monoclonal antibody clinical trials in asthma (16), was not upregulated in CF brushes, suggesting that type 2 inflammation is not the predominant pathological response in these CF airways. When each patient's signature was compared individually, stronger Th1 and Th17 but not Th2 signatures were also found in CF patients compared with non-CF controls ( Figure 1B ). These observations are consistent with our previous findings (5, 6 ) that proinflammatory Th17 cells and type 17 cytokines are present in the CF lungs and these inflammatory responses are altering gene expression in lung epithelium in vivo.
BET inhibition in T cells from CF lungs. BET proteins have been shown to critically contribute to Th17 lineage differentiation from human and murine CD4 + naive T cells and, importantly, to control cytokine production in differentiated Th17 cells (10) . We thus sought to investigate the effect of small-molecule BET inhibitors in suppressing proinflammatory cytokine production from T cells recovered from the lungs of patients with CF lung disease undergoing lung transplantation. We isolated lung parenchymal mononuclear cells from explanted CF lung tissue and stimulated these cells in the presence or absence of a BET inhibitor (CPI-203) (17) (18) (19) . Signature Th17 effector cytokines released in the tissue culture supernatant after anti-CD3/anti-CD28 stimulation, such as IL-17A and IL-22, were significantly inhibited by CPI-203 in a dose-dependent manner ( Figure 2A ). This suppression appeared to occur at the level of transcription, as indicated by real-time RT-PCR analysis ( Figure 2B) . Similarly, FACS analyses demonstrated that CD3 + T cells were the major source of IL-17A and IL-22, both in the lymph nodes ( Figure 2C ) and the lung tissues (data not shown). Interestingly, and consistent with a previous report (19) , our data suggested that BET bromodomain inhibition also resulted in the modulation of the Th1 lineage, as the signature cytokine IFN-γ was also suppressed. Taken together, these data suggested that T cell cytokines associated with inflammation in the CF lung can be suppressed by BET inhibition.
BET inhibition in CF epithelium. Effector cytokines IL-17A, IL-17F, and IL-22 produced by Th17 cells stimulate pulmonary epithelial cells to produce a number of chemokines (e.g., IL-8) and cytokines (e.g., G-CSF) that attract, activate, and prolong the life span of neutrophils. The prolonged exposure of Th17 cytokines could potentially lead to epigenetic modifications in epithelial cells resulting in constitutive transcriptional activation of IL8 and CSF3. To investigate whether BET proteins could be involved in the interpretation of changes in chromatin consistent with that hypothesis, we performed RNA-seq on CF and non-CF HBE cells. BET proteins BRD2 and BRD4 were highly expressed in these cells, and their transcript levels were unchanged upon treatment with CPI-203 (Supplemental Figure 3A) . To test if BET inhibition could suppress epithelial chemokine and cytokine production, we exposed these cells to vehicle and CPI-203. CXCL1, CXCL5, IL-8, and CCL2 production was consistently inhibited by CPI-203 among different donors as well as G-CSF and IL-6 ( Figure 3A) . RNA-seq analysis on the same cells revealed that the suppression of these chemokines and cytokines occurred at the transcript level as well ( Figure 3B ), while other proinflammatory cytokines, such as TNF, were not sensitive to BET inhibition, since it is known to be posttranslationally modified (10) . Heat map and biclustering of 1,808 differentially expressed genes showed a dramatic effect on CF cells by CPI-203 (Supplemental Figure 3B ). Proinflammatory genes, such as CXCL1, CXCL2, CXCL5, IL1A, IL15, and CCL2, were markedly upregulated in CF at baseline, as indicated in Supplemental Figure 3B . CPI-203 treatment inhibited gene expression in the non-CF cells similarly though to a lesser degree (Supplemental Figure 3C) , suggesting that CF epithelial cells are more sensitive to BET inhibition. We speculate this may be due to the epigenetic changes in CF lungs, which may alter chromatin accessibility in CF cells, given that both CF and non-CF cells express comparable levels of BRD2 and BRD4 (Supplemental Figure 3A) . KEGG pathway analysis also revealed that additional pathways were influenced by CPI-203 in CF cells compared with non-CF cells (Supplemental Figure 3D) , and Ingenuity Pathway Analysis highlighted the involvement of several immune-related pathways, including LPS/IL-1-mediated inhibition of RXR function, altered T cell and B cell signaling in rheumatoid arthritis, and Toll-like receptor signaling (Supplemental Figure 3E and Supplemental Table 4 ). These data suggest that BET inhibitors not only regulate T cell responses in CF lungs, but also epithelial chemokine expression, suggesting a fundamental role of BET proteins in the orchestration of pathogenic inflammation in the lungs of CF patients. 
BET inhibition on P. aeruginosa induced inflammation in vivo.
Given that IL-17 plays a critical role in host defense against many extracellular pathogens, it is crucial to examine whether inhibiting IL-17 responses by BET inhibition would affect the pathogen colonization in CF. Importantly, a potential concern is that reduced airway inflammation by BET inhibition might result in exacerbated infection in the lungs of CF patients. To explore this in vivo, we dosed CPI-203 in a P. aeruginosa acute lung infection model. Mice were randomized to receive vehicle or CPI-203 (2.5 mg/kg) 60 minutes prior to infection with P. aeruginosa (PAO1) and twice daily thereafter. Notably, CPI-203 treatment did not exacerbate bacterial growth ( Figure  4A ) but resulted in a significant reduction in the recruitment of inflammatory cells, in particular neutrophils ( Figure 4B ), in the bronchial alveolar lavage fluid, which was associated with the decreased expression of Il17a and Ifng (Figure 4, C and D) . Consistent with what we observed in the in vitro NHBE RNA-seq data, levels of chemokine proteins, such as CXCL1, CXCL5, and CCL2, were also decreased in the whole lung homogenates by CPI-203 treatment ( Figure 4E ). Further, IL-17-driven cytokines, such as G-CSF and IL-6, also showed a trend toward decrease in the lungs from CPI-203-treated mice (Supplemental Figure  4) . Furthermore, CPI-203 did not affect the long-term survival of PAO1-infected mice, while neutrophil depletion prior to the infection resulted in substantial mortality (Supplemental Figure 5) . There was also a mild attenuation of PAO1-induced inflammation by CPI-203 treatment compared with the vehicle (Supplemental Figure 6 ). These data are inconsistent with our previous finding that Th17 responses play more of a pathological role than a protective one in P. aeruginosa infection (7) . Together, these studies show that during acute P. aeruginosa lung infection in vivo, CPI-203 treatment reduced IL-17-driven inflammation, without exacerbating infection.
BET inhibition and fungal infection. In addition to Pseudomonas, patients with CF are often colonized with Aspergillus fumigatus, and Th17 cells have been shown to play a critical role in mediating mucosal immunity against this pathogen (20) . To assess whether CPI-203 treatment would affect A. fumigatusinduced inflammation and fungal growth, we employed an A. fumigatus lung infection model. Similar to the P. aeruginosa model, mice were randomized to receive vehicle or CPI-203 (2.5 mg/kg) 60 min- (21). The increased morbidity of RB6-8C5-treated mice was associated with higher fungal burdens, whereas CPI-203 treatment showed no increase in A. fumigatus infection exacerbation or inflammation ( Figure 5C ). Our results from these in vivo infection models suggest that, although BET proteins are important drivers of tissue-damaging proinflammatory inflammation, BET inhibition does not adversely affect pathogen clearance in lung infection in these preclinical models.
Discussion
Pharmacologic therapy in CF is an area of rapid development. Kalydeco (ivacaftor) has recently been approved by the FDA for the treatment of CF patients with at least one copy of the G511D mutation. Rowe et al. showed that Kalydeco could significantly improve CFTR function, as measured by an increase in predicted FEV 1 , an increase in BMI, a decrease in sweat chloride concentration, and an increase of the CFQR respiratory score (22) . Recently, Wainwright et al. (23) showed that a combination of ivacaftor and lumacaftor further improves BMI and FEV 1 in CF patients with homozygous F508del mutations. Despite these rapid advances in drug development for treating CF patients, there remains a need for improved understanding of CF disease pathogenesis as well as treatments for the symptoms that may not be affected by the correction of CFTR. Our data showed that both T cells and epithelial cells in CF are sensitive to BET inhibition (Figures 2 and 3) , suggesting the epigenetic modifications in the CF lung contribute to the enhanced neutrophilic inflammation. If this epigenetic dysregulation is a key contributor to the CF lung disease, a BET inhibitor may represent a new class of antiinflammatory agents to complement CFTR potentiators/correctors. Furthermore, epigenetic dysregulation of chemokine genes has been observed in COPD (24, 25) ; thus, BET inhibition should be explored in this context as well.
The acute pneumonia model we selected in this study was chosen to mimic the initial phase of P. aeruginosa colonization of CF airways. However, at the chronic stage in CF lungs, P. aeruginosa forms biofilm and switches to a mucoid phenotype, and the effect of CPI-203 on chronic PA infection warrants careful evaluation in the future. We chose the current dose of 10 6 CFU PAO1 per mouse based on the current literature (26, 27) . A dose of 10 7 to 10 8 CFU per mouse needs to be used to achieve LD 50 and at this dose the model is more representative of toxin-induced acute lung injury rather than an acute bacterial infection (28) .
CPI-203 is a well-characterized and widely used BET bromodomain inhibitor derived from JQ1, another well-characterized BET bromodomain inhibitor. Both CPI-203 and JQ1 are well-characterized exquisitely selective inhibitors with no known off target effects at biologically relevant concentrations and even at suprapharmacological concentrations (19, 29, 30) . BET bromodomain inhibitors are currently progressing in clinical trials for the treatment of lymphoma, leukemia, and other cancers, and safety data from these studies will be informative to design future studies in other clinical indications. Our data reveal a critical role of BET proteins in the inflammatory response associated with CF, suggesting that these chromatin regulators are fundamental mediators in the inflammatory network observed in the lungs of CF patients. Importantly, these proinflammatory pathways controlled by BET proteins seem to be distinct from the ones implicated in Pseudomonas and Aspergillus clearance ( Figure 3A and Figure 4C ), opening up the possibility of treating CF-related inflammation with pharmacologic BET inhibitors. Interestingly, two recent reports demonstrated that airway smooth muscle cells are sensitive to BET regulation (31, 32) , suggesting that BET inhibition could have effects on a variety of cell types in vivo and a synergistic effect could be seen in BET inhibition therapy. Therefore, we propose that BET inhibitors might represent a viable therapeutic option for the control of CF-associated lung disease.
Patients with CF often suffer from inflammatory lung diseases caused by chronic bacterial colonization. Although the constitutive and exaggerated activation of NF-κB in CF epithelial cells is believed to be in part responsible for the recruitment of large numbers of neutrophils into the pulmonary mucosa, we have indicated that T cells, particularly Th17 cells, are key players in inducing and maintaining the lung inflammation in CF. While eradication of the bacteria in CF airways has been a hallmark of CF patient care, this can be difficult for reasons such as emerging antimicrobial resistance and the formation of drug-impermeable biofilms. Therefore, controlling the inflammatory response is greatly needed since it is the major cause for lung destruction. Corticosteroids, nonsteroidal antiinflammatory drugs such as ibuprofen, cytokines and anticytokines, modulators of intracellular signaling, antioxidants, and protease inhibitors have all been tested in managing CF inflammation, and some have been shown to be effective (33) , suggesting that therapy directed at the inflammatory responses in CF airways could be beneficial in CF.
BET proteins have a pleiotropic nature and play diverse roles in regulating gene transcription, raising safety concerns for the use of BET inhibitors in patients. Indeed, a recent study showed that a brain-permeable inhibitor, I-BET858, selectively suppressed gene expression in neurons and led to the development of an autism-like syndrome in young mice (34) . Although no adverse effects of CPI-203 were observed in our study, precautions in choosing highly specific inhibitors to take forward into the clinic should be taken. BET inhibition could also increase the risk of opportunistic infections since our in vivo data showed that CPI-203 suppressed IFN-γ (Figure 4, C and D) , a cytokine that plays an essential role in tuberculosis and influenza infections (1) . Despite these theoretical concerns, our data show promising preclinical evidence supporting further research investigating BET inhibitors to treat chronic lung inflammatory disease.
Methods
Animal Studies. Eight-to ten-week-old female C57BL/6 mice from The Jackson Laboratory were used for in vivo studies. Mice were randomized to receive vehicle or CPI-203 (2.5 mg/kg) 60 minutes prior to infection with PAO1 (10 6 CFU) or A. fumigatus (10 7 CFU) by oropharyngeal aspiration and twice daily thereafter. Cell culture. Lung parenchyma tissues were minced into small pieces with scissors and digested with 1 mg/ml Collagenase (Sigma-Aldrich) and 0.1 mg/ml DNase I (Sigma-Aldrich) for 1 hour at 37°C. Cells were then passed through a cell strainer to achieve single-cell suspension. Red blood cells were removed by lysis buffer containing NH 4 Cl. After 2 washes with cold media, mononuclear cells were resuspended in IMDM medium with 10% FBS. Mediastinal lymph nodes were processed similarly but without Collagenase/DNase I digestion. Cells were then counted by automated cell counter (Countess, Life Technology) and plated in a 24-well plate at a concentration of 1 million/ml in 1 ml medium. Cells were then stimulated in the presence of indicated stimuli in the presence or absence of CPI for 96 hours. Tissue culture supernatants were harvested for ELISA/Luminex and half of the cells were lysed in TriZol for RNA extraction. The rest of the cells were restimulated with PMA/ionomycin for 5 hours in the presence of Golgi-plug, and intracellular IL-17 and IL-22 were determined by FACS.
Fully differentiated HBE cell cultures were derived from lungs removed at the time of lung transplantation of CF patients for CF cells or from the Center for Organ Recovery and Education for non-CF cells. Cells were prepared using previously described methods approved by the University of Pittsburgh IRB (35) . Briefly, bronchi from the 2nd to 6th generations were collected, rinsed, and incubated overnight in EMEM at 4°C. The bronchi were then digested in MEM containing protease XIV and DNase. The epithelial cells were removed and collected by centrifugation and then resuspended in bronchial epithelial growth medium and plated onto collagen-treated tissue culture flasks. When 80%-90% confluence was reached, the passage 0 cells were trypsinized and seeded onto collagen-coated Transwell filters. Upon reaching confluence, the cultures were maintained at an air-liquid interface (ALI) and media was changed basolaterally twice weekly. Cells in ALI culture in quadruplicates were exposed to 200 nM BET inhibitor (CPI-203) basal laterally for 3 days. Basal media were harvested for Luminex analysis and cells were harvested in Qiagen RLT buffer for gene expression analyses.
ELISA. Human IL-17 and IL-22 ELISAs in tissue culture supernatants were performed with kits from R&D system. The human CXCL5 ELISA kit was purchased from eBioscience.
Luminex. Kits with custom luminex panel, including mouse G-CSF, IL-6, CXCL1 (KC), CXCL5 (LIX), and CCL2, were purchased from EMD Millipore Corporation and the assays were performed per the manufacturer's instructions.
Real-time PCR. RNA was isolated using TriZol reagent (Life Technology), and cDNA was prepared using iScript reverse transcriptase master mix (Bio-Rad). Real-time PCR was carried out with the BioRad CFX96 system using TaqMan PCR Master Mix (Life Technologies) and premixed primers/probe sets (mouse: Il17a Flow cytometry. Intracellular staining was performed using BD fix/perm reagents and antibodies were purchased from eBioscience. Data were acquired using FACS LSR II (BD Bioscience) and analyzed by FlowJo software.
RNA-seq analysis. The RNA-seq analysis methodology was published previously (36) . The raw RNAseq data have been deposited into the sequencing read archive under SRA accession number SRP075763.
Statistics. All data are presented as the mean ± SEM. For paired experiments, statistical significance was determined by a 2-tailed, paired t test. A P value of less than 0.05 was considered significant. Study approval. All animal studies were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Human samples were collected with approval from the University of Pittsburgh IRB.
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